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Electrochemical techniques{011} planes which were medium close-packed planes were the dominating orientation in A sample (without
burnishing) and B sample (a burnished sample) surfaces. There was not a common close-packed plane dominat-
ing orientation parallel to C sample (the other burnished sample) surface, and texture in this sample was abnor-
mal. The corrosion property by electrochemical impedance spectroscopy was improved by burnishing process.
Considering similar dislocation density obtained by XRD and grain boundary characteristic of two burnished
samples, although the surface energy quantity for Al was (111) b (001) b (110), improved corrosion resistance
was observed in burnished B sample. Moreover, the donor concentration of surface passive ﬁlm was affected by
burnishing condition and its effect on corrosion resistance was discussed. These results were further supported
by SEM after corrosion immersion.
© 2013 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Recently, severe plastic deformation processes, including equal-
channel angular pressing (ECAP) [1], high-pressure torsion (HPT) [2],
accumulated roll bonding (ARB) [3] and cyclic forward-backward extru-
sion (CFBE) [4], have been widely used to produce nano/ultraﬁnemate-
rials. It is well known that nano/ultraﬁne grained metals and alloys
obtained by severe plastic deformation exhibit unusual mechanical
properties in comparison with their coarse grained counterparts,
e.g. improved strength at ambient temperature frequently with
reduced ductility due to the early onset of necking [5]. When a nano-
crystalline grain copper ﬁlm was conﬁned by a coarse-grained copper
substrate with a gradient grain-size transition, tensile plasticity strain
localization was suppressed. A detailed deformationmechanism of gra-
dient nano-crystalline structure was discussed in ref [5]. It is apparent
that burnishing process also can produce advanced “coatings” or
“ﬁlms” in bulk metal.
However, the investigated results of corrosion behavior for severe
surface plastic deformation were contrary. Meng et al. [6] showed that
the corrosion resistance of aluminum ﬁlm with grain size of about
400 nm prepared by magnetron sputtering technique was signiﬁcantly
improved compared with that of pure coarse-grain Al in NaCl contain-
ing acidic solution. A dense passive ﬁlm is formed onmicroarc oxidation86 10 82317128.
NC-ND license.surface by mechanical attrition treatment (SMAT) modiﬁed nanocrys-
talline layer of 2024 Al [7]. The improvement of pitting corrosion resis-
tance of anodized Al–Cu alloy by ECAP appeared to be attributable to
a decrease in the size of precipitates [8]. In the unreﬁned state,
intergranular corrosion primarily occurred along grain boundaries,
while ECAP processing predominantly resulted in pit corrosion owing
to a complete rearrangement of grain boundaries [9]. However, Barbucci
et al. [10] found deteriorated protective properties for the oxide ﬁlm on
the nanostructured alloy in neutral chloride solution, comparing with
the coarse Cu90Ni10 alloys, and proposed sintering defects and
increased amount of grain-boundary in the nano-structured alloy
resulted in the deterioration. Moreover, decreasing the grain size of
pure titanium further down to 90 nm using hydrostatic extrusion (HE)
did not result in any signiﬁcant change in the corrosion resistance [11].
The texturewas shown to signiﬁcantly affect the corrosion behavior,
samples with the (0002) plane parallel to the surface were found to
offer the highest corrosion resistance for commercially pure titanium
processed by equal channel angular pressing, regardless of their grain
size [12]. The profound texture effect on the corrosion resistance was
related to surface energy scales [13]. In a word, the corrosion resistance
of the metal materials depended on several metallurgical parameters,
such as composition, grain size and crystal orientation [14].
However, the effect of grain reﬁnement and texture on the corrosion
resistance of 2024 aluminum alloy has so far been reported rarely. The
burnishing process is an attractive ﬁnishing technique and it can
increase surface strength of theworkpieces and can decrease its surface
roughness [15]. Moreover, grain can be reﬁned by burnishing process.
Themain objective of this work was to investigate the effect of ultraﬁne
grain and different crystal orientations for 2024 aluminum alloy by bur-
nishing on corrosion resistance.
Fig. 1. (a) Sample reference system inburnishing. The poleﬁgures are orientedwith respect
to the BD, X and R axes of sample. (b) Schematic diagram of specimen for electrochemical
measurement.
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2.1. Materials preparation
The material used in this paper is 2024-T3 aluminum alloy with
a chemical composition (wt.%) as follows: (wt%): Cu 3.8–4.9, Mg
1.2–1.8, Mn 0.3–1.0, Zn 0.25, Cr 0.1, Fe 0.5, Si 0.5 and balance Al. The
sample was machined to be a cylindrical bar with the axis (X) parallel
to rolling direction as shown in Fig. 1a. The length and the radius
of the gage section of sample were 200 mm and 46 mm, respectively.
Burnishing process was performed through a cylindrical-ended PCD
(Polycrystalline diamond) tool. The schematic illustration of the bur-
nishing device was shown through a cylindrical-ended PCD tool in refFig. 2. Frequencies of low angle grain boundaries θ b 15° (blue lines) and high angle grain boun
and (c) C, respectively.[15]. The cylinder diameter and length of PCD tool were 2 mm and
3 mm, respectively. A was sample without burnishing, while the sam-
ples B and C were burnished. The tool rotational speed was 3000 rpm
(revolutions per minute). The burnish depth was 20 μm and 30 μm,
respectively.
The electron back scattered diffraction (EBSD) scanswere conducted
on the surface of the samples in ZEISS ULTRA 55 ﬁeld emission gun SEM,
equipped with an HKL Technology Channel 5 EBSD detector. The sam-
pleswere testedwith a step size of 0.35 μm, operating at an accelerating
voltage of 20 kV. The samples were mechanically polished and then
electropolished in a 30% nitric acid in methanol solution at −28 °C
and 15 V [16]. The samples for TEM (transmission electronmicroscope)
observation were mechanically polished and then electropolished in
30% nitric acid in methanol solution.
2.2. Electrochemical measurement
The samples were made into electrodes by inserting insulated copper
wires. The exposed surface area was 0.5 cm2 in Fig. 1b. The electrochem-
ical cell employed in this study was made of glass beaker with the three
electrodes. Very high density graphite and a saturated calomel electrode
(SCE)were used as the counter and the reference electrodes, respectively.
The electrochemical measurementswere performed using CHI 660B con-
trolled by a PC. Before each experiment, the exposed faces were polished
with silicon carbide papers up to 3000 grit ﬁnish. It must be pointed out
that the sample depths for (EBSD) and TEM observation coincide with
sample depth for electrochemical test. The electrode was then rinsed in
doubly-distilled water and immediately immersed in borate buffer solu-
tion (0.5 mol dm3 H3BO3 and 0.05 mol dm3 Na2B4O7 · 10H2O; pH 7.8
[17]). The electrochemical impedance spectroscopy (EIS) was performeddaries (black lines) for (a) A, (b) B and (c) C; (d)Σ3,Σ9, and Σ27 boundaries for (a) A, (b) B
Fig. 3. TEM images of microstructure in surface of burnished (a) B and (b) C samples.
Fig. 5. ODFs of 2024 aluminum alloy for (a) A, (b) B and (c) C.
Fig. 4. Inverse pole ﬁgures illustrating the texture of aluminum alloy samples following: (a) A, (b) B and (c) C.
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Fig. 5 (continued).
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amplitude of 5 mV. Some samples were immersed in 10% NaCl solution
for 336 h and were characterized by the scanning electron microscope
(SEM) and energy-dispersive X-ray detection (EDX).Fig. 6. Effect of burnishing on dislocation densities (a) and hardness (b).3. Results and discussion
3.1. Microstructure characterization of surface layer
The quantiﬁcation of low-angle grain boundary (marked LAGB
with misorientation angle in range of 1.5–15°) and high-angle grain
boundary (marked HAGB with misorientation angle N15°) is listed in
Fig. 2a, b and c. It can be seen that the volume fraction of LAGB increases
due to the burnishing. The LAGB are 47%, 83.5% and 86% for A, B and C,
respectively. It indicates the dislocations generate during burnishing
process. The increase of the LAGB fraction close to burnished surface
layer suggests that the grain may be subdivided by dislocation cell or
wall [18]. Σ3, Σ9, and Σ27 boundaries for A, B and C samples shown in
Fig. 2d are 1.23%,1.82% and 1.89%, respectively, such a low level could
be attributed to high stacking fault energy of aluminum alloy[19], so
that twin is not easy to be observed. However, Σ3 boundaries increase
due to the burnishing. This may be due to grain reﬁnement which facil-
itates Σ3 boundaries.
After burnishing processing, many grains were reﬁned. The trans-
mission electron microscopy (TEM) images of the microstructure on
surface for burnished sample are shown in Fig. 3a and b, respectively.
The banding and equiaxed grains have been observed with a size of
about 50–100 nm. The grain size difference between EBSD and TEMcould be explained by experimental restriction of the EBSD technique.
The actual grain size of these samplesmight be smaller than the reported
values by EBSD [20].
Inverse pole ﬁgures represent the statistical distribution of the
crystallographic planes parallel to the sample's surface. Fig. 4 shows
the inverse pole ﬁgures of the investigated initial and burnished sam-
ples. The most abundant crystallographic orientations with intensiﬁed
(101) plane occur for the initial sample in Fig. 4a. The changes in the
517L. Jinlong, L. Hongyun / Surface & Coatings Technology 235 (2013) 513–520inverse pole ﬁgures show the evolution of texture during the burnishing
process. The inverse pole ﬁgure of the B sample demonstrates that the
peak is shifted completely toward the (101) plane, while the inverse
pole ﬁgure of the C sample reveals that the texture gradually reversed
to (001) planes, but intensity is very low. Themost densely packed crys-
tallographic plane in an FCC system is (111) plane. It has been shown
that crystallographic planes with higher atomic density exhibit higher
resistance to corrosion for aluminum single crystals [21], 316 L stainless
steels [22] and Mg alloy [23].
Fig. 5a, b and c shows the Ф2 = 0° to 90° sections of the ODF of
the aluminum sheet for A, B and C samples. Typical texture components
in an aluminum alloy sheet are also indicated in these ODF sections.
The initial textures of this sample are mainly composed of a dominant
cube {001} b100N which is characteristic for the recrystallized state
and brass {011} b211N due to sample prepared, Goss{110} b001N and
S{123} b634N. The main texture of B sample includes brass
{011} b211N and S{123} b634N. However, the over texture inten-
sity and the concentration of the contour lines are 12 and almost
keep constant. In contrast, an abnormal texture occurs in C sample,
which is different from most of previous reports. Moreover, the
maximum level of contour lines increased from previous 12 to 16.
The dislocation densities by XRD are deﬁned by Eq. (1) according to
ref [24]
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where Hv is the Vickers microhardness, φ is equal to 68, α is considered
1 in this work [25],G are 35 GPa for aluminum. b =
ﬃﬃ
2
p
2 ña 2.86 Å. F is the
applied force to the indenter. The Vickers microhardness tester with
100 g load and 10 s holding time was carried out on all the samples.
For each point, an average microhardness value was determined on
the basis of the measured data from 5 indentations.
The dislocation densities by XRD and calculated by hardness are
plotted in Fig. 6. Furthermore, note that the value of dislocation densi-
ties is different in the twomethods. However, the dislocation density in-
creases due to burnishing.
3.2. Open circuit potential and impedance in borate buffer solution
Fig. 7a shows the variation of OCP of A, B and C sampleswith immer-
sion time in the borate buffer solution. For A sample, the OCP needs
more than 0.5 h to gradually reach the top OCP value and then keeps
stable. While OCP shifts to more positive potentials for burnished sam-
ples. However, compared with C sample, the higher OCP in B sample is
observed and the OCP spends aminimum time to reach potential stable,Fig. 7. (a) Variation of open circuit potential (OCP), EOCP, with time for A, B and C samples in
stabilization at the open circuit potential.which indicates advantageous passivated ability for B sample. Some
results can be obtained clearly from these curves. First, surface passive
ﬁlms on burnished samples are much denser and protective than
those on sample without being burnished. Second, the corrosion resis-
tance of B sample is higher than that of C sample. The EIS test was car-
ried out to further investigate the electrochemical characteristics of all
the samples. The samples were immersed in the borate buffer solution
at 25 °C. The Nyquist plots of samples after being immersed for 2 h
are shown in Fig. 7b. TheNyquist plots of A, B and C samples have almost
same shape, where depressed capacitive semicircles cover almost all
frequency regions. The diameter of capacitive semicircle was associated
with charge-transfer resistance, i.e. corrosion resistance. An increase in
the semicircle radius indicates an increase in the ﬁlm stability [26]. The
increase in capacitive semicircle is related to thickening or compactness
[17] and stability [27] of oxide ﬁlm. The EIS results are agreed with the
ones of open circuit potential. The corrosion property is improved by bur-
nishing and B sample has the best corrosion resistant in this solution.
Throughout a period of 48 h at the open circuit potential, the forma-
tion of oxideﬁlms on the surface of sampleswasmonitored. The imped-
ancemeasurements were performed at respective OCP. Fig. 8a–c shows
the variation of Nyquist plots with the time for A, B and C samples.
The Nyquist plots show different capacitive semi-arcs at the OCP. The
capacitive semi-arcs of A sample are much smaller diameters than
those of burnished samples. In contrast, the capacitive semi-arcs of B
sample are much smaller than those of C sample, indicating that the
protection of passive ﬁlms formed on B sample is the best in this solu-
tion. Moreover, some samples show small inductance loop in Nyquist
diagram in Fig. 8b and c. Fig. 8a′–c′ shows the variation of the Bode
plots with the time for A, B and C samples. In a small range in the region
of intermediate frequencies, the values of phase angles reach their
maximum values, indicating characteristic response of a capacitive
behavior. Moreover, some samples show slight inductance characteris-
tic. To obtain quantitative conﬁrmation of the experimental EIS data, the
EIS plots were analyzed using the complex and equivalent electric cir-
cuits (EEC) presented in Fig. 8d and e. The constant phase angle element
Q (CPE) is used to replace the pure capacitance element C to reﬂect the
non-ideal capacitance bahaviour, including geometric origin, as surface
heterogeneity, surface roughness and so on. CPE is deﬁned in imped-
ance representation as:
Y¼Y0 jωð Þn ð2Þ
Where Y0 is the constant representative for CPE (Ω−1 cm−2 sn),ω is the
angular frequency (rad s−1), j = −1 is the imaginary number and n
is the CPE exponent. The factor n, deﬁned as a CPE power, is an adjust-
able parameter that always lies between 0.5 and 1. When n = 1,borate buffer solution. (b) Nyquist plots for samples in borate buffer solution after 2 h of
Fig. 8. Dependence of oxide ﬁlm impedance on time at the open circuit potential in borate buffer solution for (a, a′) A, (b, b′) B and (c, c′) C samples. (d) The equivalent circuit of passive
ﬁlms for samples with capacitance loop characteristic (e) The equivalent circuit of passive ﬁlms for samples with capacitance loop and inductance characteristic, where RS, the electrolyte
resistance; Q, the capacitance of passive layer; Rt, the charge transfer resistance, R2, the adsorption resistance of transition product; L, inductance.
518 L. Jinlong, L. Hongyun / Surface & Coatings Technology 235 (2013) 513–520the CPE describes ideal capacitor; for 0.5 b n b 1, the CPE describes a
distribution of dielectric relaxation times in frequency space; and
when n = 0.5 the CPE represents a Warburg impedance with diffusion
character. This equivalent circuit is the most suitable to describe the
corrosion mechanism produced in the interface electrolyte/passive
ﬁlm/metal [28].
Fitting of the proper equivalent circuit was performed by means
of professional computer programme ZsimpWin. The charge transferresistance Rt obtained by applying equivalent circuit is depicted in
Fig. 9 to give detail information of the effect of burnishing process and
immersing time on passive ﬁlm on the surface of samples.
The charge transfer resistance in system decreases ﬁrstly, then tends
stability for A and C samples.While charge transfer resistance decreases
quickly for B sample with time up to 12 h, after which the oxide ﬁlm
maintains basic stability. The charge transfer resistance of B sample is
much greater than those of A and C samples, while charge transfer
Fig. 9.Dependence of the charge transfer resistance on time inborate buffer solution at the
open circuit potential.
519L. Jinlong, L. Hongyun / Surface & Coatings Technology 235 (2013) 513–520resistance of C sample is higher than that of A sample. The EIS results are
in good agreementwithOCP, which indicates that the corrosion proper-
ty is improved by burnishing and B sample has the best corrosion resis-
tant in this solution.
3.3. Capacitance measurements and Mott–Schottky analysis
Based on Mott–Schottky theory [29], the space charge capacitances
of the n-type and p-type semiconductor are given by Eqs. (3) and (4),
respectively
C‐2¼C‐2HþC‐2SC¼
2
εSε0qND
E‐Efb‐
kT
e
 
ð3Þ
C‐2¼C‐2HþC‐2SC¼
‐2
εSε0qNA
E‐Efb‐
kT
e
 
ð4ÞFig. 10. (a) TheMott–Schottky plots measured at 1000 Hz (a) and 100 Hz (b) in borate buffer s
on donor concentration Nd.where ε0 is the vacuum permittivity (8.854 × 10−12 F m−1), εs is the
dielectric constant of the specimen, q is the electron charge
(1.6 × 10−19 C), k is the Boltzman constant (1.38 × 10−23 J K−1),
ND and NA are the donor or acceptor density, T is the absolute tempera-
ture and Efb is the ﬂat-band potential. For p-type semiconductor, C−2
versus E should be linear with a negative slope which is inversely
proportional to the acceptor concentration. On the other hand, n-type
semiconductor yields a positive slope which is inversely proportional
to the donor concentration. The dielectric constant εs is assumed as 10
for the passive ﬁlms on aluminum alloy [30].
Fig. 10a andb shows theMott–Schottky curvesmeasured at 1000 Hz
and 100 Hz for all the samples in borate buffer solution after being sta-
bilized at OCP 2 h. Mott– Schottky plot in Fig. 10a shows positive slope
in the passive region (−0.35 – −0.55 VSCE), which indicates n-type
semiconductor behaviour in the passive ﬁlms. n-type semiconductor
behaviour suggests that the primary charge carriers in the passive ﬁlm
are oxygen vacancies [31]. However, it can be seen obviously that
there are two straight lines (−0.05 VSCE is the division of two lines)
in theMott–Schottky plots in Fig. 10b, nonlinear behaviormay be attrib-
uted to the inhomogeneous donor distribution in the passive ﬁlm [32]
or two donor levels existing in the band gap [33].
The donor concentration (only the shallow donor concentration is
calculated in 100 Hz) in the passive ﬁlm calculated from the slopes is
presented in Fig. 10c. It can be obtained that the concentrations of two
donor densities are the order of magnitude of 1020 cm3, which are
lower than donor densities obtained for the passive ﬁlms formed on
3003 aluminum in Na2SO4 and NaCl solution [34]. It is clear that the
dopant concentration in A sample is higher than those in B and C sam-
ples. While the passive ﬁlm on B sample shows the lowest dopant con-
centration. Such high donor concentrations in Fig. 10c indicate the
highly disordered nature of the passive ﬁlm on this aluminium alloy.
As a whole, the higher the donor density of the passive ﬁlm, the higher
the pitting corrosion trend [35]. Then it can be concluded that the corro-
sion resistance of this aluminium alloy increases due to burnishing
process.olution after being stabilized at OCP 2 h prior to the beginning test. (c) Effect of burnishing
Fig. 11. Surface topography of the samples by SEM after corrosion tests: (a) A, (b) B and (c) C.
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a number of point defects, such as interstitial cations (donors), oxygen
vacancies (donors) and/or cation vacancies (acceptors).The movement
of point defects, through anodic oxides ﬁlms on metals, contributes to
the formation of the ﬁlms. Therefore, more oxygen vacancies might
lead to incompact passive ﬁlm and more interstitial cation might make
the metal more easily dissolved, which could result in decreased corro-
sion resistance of the A sample in Fig. 10c.
Surfaces of samples after being immersed in 10% NaCl solution
for 336 h are characterized by SEM in Fig. 11a–c. The breakdown of
the passive ﬁlm occurs for A and C samples, and there are many sodium
chloride particles on surfaces of A and C samples in Fig. 11a and c.
However, the breakdown of the passive ﬁlm is practically absent for B
sample and there are no sodium chloride particles on surface of the
sample in Fig. 11b. EDS analysis of the dense inner layers shown by
arrow in Fig. 11a–c indicates that the corrosion products mainly consist
of Al, O, Cu, Si, Na and Cl. The oxygen content in the B sample is more
than those in A and C samples. Moreover, the chloride ion content in
the C sample is more than those in A and B samples. The EDS analysis
of corrosion products has been evidenced as Al(OH)3 for 2024 Al alloy
after immersion in 3.5 wt.% NaCl solution for 168 h [38]. The cathodic
and anodic reactions of pitting corrosion can be described as follows
[38,39]:
O2 þ 2H2Oþ 4e ¼ 4OH− ð5Þ
Alþ 3H2O ¼ Al OHð Þ3 þ 3Hþ þ 3e ð6Þ
Therefore, based on the above experimental results, it can be con-
cluded that the corrosion property was improved due to grain reﬁning
by burnishing. Moreover, burnished surface of B sample with inten-
siﬁed brass texture{011} b211N can also enhance evidently the
corrosion resistance of Al alloy in borate buffer solution and sodi-
um chloride solution, although the surface energy quantity for Al
was (111) b (001) b (110). Therefore, the improved corrosion
property was due to grain reﬁnement.
4. Conclusions
The nano/ultraﬁne surface layers and different texture types were
successfully obtained on a 2024 aluminum alloy by means of surface
burnishing technique. The surface textures were analyzed by EBSD
and corrosion resistance was evaluated. The results could be summa-
rized as:
(1) Different texture types with similar dislocation density occurred
after different burnishing processes.
(2) An abnormal texture type was found on a burnished sample
surface when a higher stress was applied.
(3) The improved corrosion property was observed in texture
intensiﬁed B sample, although the surface energy quantityfor Al (110) plane which was considered to be the weakest
corrosion-resistant was maximum.
(4) The donor concentration in passive ﬁlm was affected by
burnishing condition.
(5) These results were further supported by SEM after corrosion
immersion.
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